We describe the Hox cluster in the radially symmetric sea urchin and compare our findings to what is known from clusters in bilaterally symmetric animals. Several Hox genes from the direct-developing sea urchin Heliocidaris erythrogramma are described. CHEF gel analysis shows that the Hox genes are clustered on a 5300 kilobase (kb) fragment of DNA, and only a single cluster is present, as in lower chordates and other nonvertebrate metazoans.
Introduction
A major ancestral role of evolutionarily conserved patterning genes, such as the Hox genes, appears to have been in specifying anterior-posterior identity in the animal nervous system. It has been hypothesized that changes in the number and organization of Hox genes have played a role in the evolution and diversification of chordate body plans (Pendelton et al. 1993) . At least some of these genes are present in sea urchins (Ruddle et al. 19946) , animals that do not have an obvious anterior-posterior polarity. Is the genomic structure of these genes conserved in this group? If so, are the genes expressed in an overlapping pattern in tbe nervous system? If the cluster structure is conserved, examination of the expression pattern may provide a new tool in the quest to explain the evolutionary origins of the echinoderm radial body plan.
The Hox genes are found in all animal phyla examined to date, and their chromosomal organization has been highly conserved as well. The genes are clustered and there is a relationship between chromosomal position, activation time, and anterior expression limit. The conservation of these features suggests that clustering of these genes may be important for precise spatiotemporal gene regulation and embryonic patterning. To date, the complete organization of the Hox gene clusters has been reported from only a few widely divergent, bilaterally symmetric taxa (insects, nematodes, vertebrates, and cephalochordates). The role of these genes in axis specification during early development has probably been conserved since the beginning of the metazoan radiation. Assessment of this hypothesis requires a better knowledge of the genes present in other animal phyla.
Echinoderms and chordates shared a bilaterally symmetric ancestor (Turbeville, Schulz, and Raff 1993) .
Although chordates retained that bilateral symmetry, echinoderms have evolved a pentamerally symmetrical adult body plan. These body plans have manifested an extraordinary stability for over 530 million years (Gould 1989) . As part of a study on the origin of the echinoderm body plan, we have examined the Hox genes of the direct-developing sea urchin Heliociduris erythrogrumma. We have cloned the 3' exons of five Hox genes from H. erythrogramma. These exons encode the C-terminal portion of the protein including the entire homeodomain (encoded by the homeobox). Although Hoxtype homeobox genes have been cloned from other sea urchins (Tripnuestes gratillu [Dole&i et al. 1986; Dole&i, Wang, and Humphreys 1988; Wang et al. 19901 , Strongylocentrotus purpuratus [Zhao 19921 , Paracentrotus lividus [Di Bernard0 et al. 1994] ), this is the largest collection from a single species so far presented. When all sea urchin species are considered, a total of eight different Hox-type homeobox genes have been identified. We demonstrate that these eight genes are physically linked, and thus are clustered, like those of bilaterally symmetric animals. Phylogenetic analyses of the relationships of sea urchin, insect, and chordate Hox genes indicate that most of the urchin genes cloned so far represent members of the 5' and central portions of the cluster. One sea urchin gene is a probable orthologue of a 3' Hox gene. We discuss the implications of our current knowledge .of the sea urchin Hox gene cluster for the evolution of Hox gene cluster organization.
Materials and Methods
Genomic Library Construction, Screening, and Sequencing A library of H. erythrogramma genomic DNA was constructed in lambda DASH (Stratagene). Six genomic equivalents (4.4 X lo5 plaque-forming units) of an unamplified portion of the library were screened with a homeobox-containing fragment of the T. grutillu Hboxl cDNA. Hybridizing fragments were subcloned into Bluescript (Stratagene) and sequenced using the chaintermination method (Sanger, Nicklen, and Coulson 1977) with the Sequenase Sequencing Kit (United States Biochemical) and radiolabeled nucleotides, or with dyelabeled primers (Li-Cor, Inc.) employing the Sequitberm Sequencing Kit (Epicenter Technologies). Radiolabeled sequencing products were run on standard sequencing gels and analyzed by autoradiography. The dye-labeled sequencing products were analyzed on a Li-Cor automated sequencer (Li-Car, Inc.).
Polymerase Chain Reaction (PCR) Amplification of Homeoboxes
A range of 10 pg to 10 ng of purified plasmid or phage DNA was used as the substrate for PCR amplification of homeoboxes. The primers used were: Hoxlf: 5'-TGGARCTGCAGAARGART-3' and Hox4r: 5'-CATCCGGCCGTTYTGRAACC-3'. These primers were directed against highly conserved regions of the homeobox and amplified a 117-bp fragment.
Sequence Comparisons
The Genetics Computer Group (GCG) sequence analysis package (Genetics Computer Group, Inc. 1994) was used to analyze the sequences and generate amino acid and nucleotide alignments. Multiple sequence alignments were generated using Pileup (GCG) and then refined by eye. Alignments were then imported into PAUP 3.1.1 (Swofford 1993 ) or PHYLIP 3.5 (Felsenstein 1993 ). All parsimony analyses utilized 100 random addition replicates and 100 bootstrap replicates. When indicated, certain analyses were constrained in the number of trees that could be saved in each replicate because of the high computational burden of swapping on equally parsimonious trees. In these instances at least 500 random addition replicates were performed. Neighborjoining analyses were performed and bootstrapped using the PHYLIP programs SEQBOOT, DNADIST, NEIGH-BOR, and CONSENSE. Assumptions included the Kimura two-parameter model and a transitionhransversion ratio of 2.0. Third positions were ignored in all nucleotide analyses. The data sets were bootstrapped 100 times. Maximum-likelihood analyses were performed with the PHYLIP program DNAML. Empirical frequencies were used and global swapping was permitted. Parsimony trees were further analyzed with MacClade Version 3 (Maddison and Maddison 1992) .
The following genes were used in the alignment presented in figure 6 . Drosophila: lb, X13103; pb, X63728; Dfd, X05136; Scr, X14475; antp, M20704; Ubx, X76210; abd-A, X54453; Abd-B, X51663; en, M29285. Mouse: Hoxa-I, X06023; Hoxa-2, M93148; Hoxa--3, K02591; Hoxa-4, X13538; Hoxa-5, M36604; Hoxa-6, M11988; Hoxa-7, M17192; Hoxa-9, M28449; Hoxa-IO, L08757; Hoxa-II, U20370 Hoxb-1, X59474; Hoxb-2, M34004; Hoxb-3, X66 177; Hoxb-4, M36654; Hoxb-5, M26283; Hoxb-6, X56461; Hoxb-7, X06762; Hoxb-8, X13721; Hoxb-9, M34857; Hoxc-4, S62287; Hoxc-5, U28071; Hoxc-6, X16511; Hoxc-8, X07646; Hoxc-9, X55318; Hoxc-IO, D11330; Hoxc-12, U04839; Hoxc-Z3, U04838; Hoxd-Z, X60034; Hoxd-3, X73573; Hoxd-4, JO3770; Hoxd-8, X56561; Hoxd-9, X62669; Hoxd-IO, X62669; Hoxd-11, X60762; Hoxd-12, X58849; Hoxd-13, S80533; 
CHEF (Contour Clamped Homogenous Electric Field) Gel Electrophoresis
To obtain intact DNA, we lysed sperm suspended in agarose. The DNA was digested with restriction enzymes that cut at rare sites, Not I or S' I, and large fragments were separated using CHEF gel electrophoresis. Southern blots of gels resolving fragments from 47 to 2,200 kb were probed with fragments specific for individual sea urchin Hox genes. Each blot was then stripped and reprobed with one or more different Hox genes to confirm that the genes were hybridizing to the same bands. Removal of the previous probe was confirmed before the next probe was applied. To rule out the possibility of artifactual hybridization, we reprobed one blot for the engrailed gene, which is not linked to Hox genes. Hybridization was viewed both by standard autoradiography and with a Molecular Dynamics phospho-imager.
Results

Isolation of Hox genes from H. erythrogramma
Sixteen positive phage clones were obtained from a screen of six genomic equivalents of an unamplified genomic library. We used a portion of the TgHboxl cDNA (Angerer et al. 1989 ) that contained the entire homeobox as a probe (HBl probe). PCR amplification using primers specific for conserved regions near either end of the Hox-type homeobox confirmed the presence of homeoboxes in 11 clones. Subsequent sequencing sorted the clones into five different Hox-type gene classes. Three of the gene types had been cloned from other sea urchin species: Hboxl and Hbox6 from T. gratilla (TgHboxl and TgHbox6- Dolecki et al. 1986; Wang et al. 1990) , and Hbox7 from S. purpuratus (SpHbox7- Zhao 1992) . The remaining two were unique until a recent PCR survey of Hox genes in sea urchins described limited portions of these genes, and named them Hbox9 and HboxZO (Ruddle et al. 1994b) . Following the established nomenclature for sea urchin Hox genes, all H. erythrogramma genes are designated by the species abbreviation and the Hbox gene number and not by the designation "Hox" until the absolute identities are determined. We have sequenced the entire coding sequences of the 3' exons for each of the five H. erythrogramma Hox genes; these sequences have been deposited with GenBank under the following accession numbers: HeHboxl, U30935; HeHbox6, U31447; HeHbox9, U31563; HeHbox7, U31564; and HeHboxZO, U31600. One of five phage clones containing the HeHboxZ homeobox also contained the coding sequence of the 5' end of the gene (U46002). The predicted HeHboxl intron is 12.5 kb long.
Linkage
We used CHEF gel electrophoresis to examine the linkage of the eight sea urchin Hox genes. All genes gave exactlv the same hvbridization oattem ( fig. 1A) . a Types of analyses: ML = maximum likelihood; D = distance by neighbor-joining using nucleotides; PN = parsimony using nucleotides; PA = parsimony using amino acids. Subscript indicates the species whose genes were included in the dataset; d = Drosophila; a = amphixous; m = mouse, 4 = all four species. * = engrailed genes were not inlcuded in these analyses. bAbd-B-like genes = Abd-E, Hex-9-13 (only 9 and 10 were used in these analyses), and TgHbox4, HeHbox7, and HeHboxlO.
' AnrpKJbx-like genes = Anrp, Vbx, abd-a, and Hex-64 groups and the sea urchin genes HeHboxl, HeHbox6, and TgHbox3.
tion when identifying orthologous relationships among Hox genes.
For brevity we used only one of the five mouse Abd-B-like homeoboxes in the above analyses. To try to determine the specific identity of the sea urchin Abd-Blike Hox genes, we assembled data sets containing the three Abd-B-like sea urchin homeoboxes, representatives of each of the five Abd-B-like groups from mice, the two Abd-B-like homeoboxes of amphioxus, and the single Abd-B homeobox of flies. The genes used in these analyses are indicated by a superscript "2" in figure 2. We applied three inference methods (maximum likelihood, ML; distance, D; and parsimony, P) to the nucleotide data set using engrailed genes as an outgroup. Three data sets were analyzed using only the parsimony method: (1) the nucleotide data set using Hox-7/S genes as the outgroup and (2 and 3) amino acid data sets with either engruiled or Hox-7/8 outgroups. Ruddle et al. (1994b) , basing their analyses on an 81-nucleotide region amplified by PCR, observed that the three sea urchin Abd-B-like genes look most like the Hox-9 group. Our analyses do not support this inference. The difference in results could be attributed to the additional phylogenetic signal provided when using the entire homeobox. We conclude that it is premature to assume that all three sea urchin genes are most like the Hox-9 group.
The three sea urchin sequences Hboxl, Hbox3, and Hbox6 cluster with AntplUbx-like genes. These genes do not always form a monophyletic clade (e.g., fig. 4B and C): sometimes it is paraphyletic, with the Abd-B clade contained within it ( fig. 4C ). However, in every analysis the sea urchin genes behave like the AntplUbxlike genes of the other species. As with the Abd-B-like genes, how the genes behave varies with the inference method used and the set of genes included.
HeHbox9 appears to be an orthologue of Scr or Dfd. There are two hypotheses about the evolution of these groups. Some authors propose that the Dfd-like and &r-like genes evolved from a common ancestral gene (e.g., Holland 1992; Btirglin and Ruvkun 1993); others (e.g., Akam et al. 1994 ) propose that they evolved from different genes, with Scr evolving from the ancestor of the middle group genes. In our analyses these genes rarely form a monophyletic group and are usually positioned outside of the AntplUbx-like group. Current hypotheses propose that the DfdLScr-like genes diverged before the AntplUbx-like group genes. If Hbox9 is a Dfdl &r-like gene then it should form a sister group to the AntplUbx-like group. This is often the case in our analyses ( fig. 4A and C) . Also, when only sea urchin genes are compared, the Hbox9 sequence forms the sister group to a clade consisting of the Hboxl, Hbox3, and Hbox6 genes (data not shown).
The predicted amino acid sequence of Hbox9 immediately downstream of the homeobox resembles Scrlike (Hox-5) sequences more than it does Dfd-like (Hox-4) sequences ( fig. 2) . Three residues C-terminal to the homeodomain of the Hbox9 gene can be aligned with the Hox-5 sequences. A small gap is required to align Hbox9 to the same region of Hox-4 proteins. This may indicate that Hbox9 is an orthologue of Hox-5 genes, but we need to know the sequence of the other central group gene before we can make this assignment.
Discussion
We have shown that the eight known sea urchin Hox genes are clustered within 300 kb in the H. crythrogrumma genome and that only one cluster is present. We compared all eight genes to Hox genes of Drosophila, amphioxus, and mouse. The homeobox is the
FIG.
3.-Trees generated by distance analysis with neighbor-joining using nucleotides (A) or parsimony analysis with amino acids (B, C). A, Amphioxus and sea urchin homeoboxes using first and second codon positions only: the outgroup is Heen. B, Drosophila and sea urchin homeodomains; the outgroup is labial. This tree is one of three equally parsimonious trees of length 145. C, Mouse, amphioxus, Drosophila, sad sea urchin homeodomains, the outgroup is engrailed. This is one of 244 equally parsimonious trees of length 32 1. Due to the large number of equally parsimonious trees, tree C was generated in an analysis constrained to save no more than the four shortest trees in each of 500 random addition replicates. Bootstrap values >30% are indicated above or below the branch. The scale bars shown underneath B and C represent 10 changes. only region in the 3' exons sufficiently conserved to be informative. The information contained within the homeobox is insufficient to allow precise identification of orthologous relationships between the sea urchin genes and the Hox genes of other organisms. However, it is possible to place the sea urchin genes into identifiable classes. They represent anterior, central, and posterior portions of the cluster. HboxZI is an anterior group gene, and may represent an orthologue of Hox-3 (Di Bernard0 et al. 1995; table 1 ). Hbox9 appears to be an orthologue of Hex4 or Hox-5. Hboxl, Hbox3, and Hbox6 are Antpl Ubx-like (Hox-6-8). Hbox4, Hbox7, and HboxlO are Abd-B-like (posterior group, Hox-9-13) genes. Additional information is required before the sea urchin genes can be assigned to individual paralogy groups. Position in the Hox cluster, relative order of expression, expression patterns, and additional protein sequence should be taken into consideration when assigning orthologous relationships.
In some instances, the amino terminal regions of orthologous genes show conservation of a few short regions (Krumlauf 1992; Btirglin 1994) . These regions are usually coded by exons upstream of the homeobox. With two exceptions, TgHboxl (Angerer et al. 1989) and SpHbox7 (Zhao 1992) , upstream regions have not been cloned from echinoderms. Using the cDNA sequences from TgHboxl we identified the coding sequences of the 5' exon of HeHboxl. The predicted amino acid sequence was compared to sequences in GenBank using the BLAST search algorithm. The closest matches were to vertebrate Hox-7 genes. Such information, combined with the gene's position within the cluster, has been used to assign the amphioxus gene amphihox6 to the Hox-6 group. We do not yet know the position of the HeHboxI gene in the sea urchin cluster. Figure 4 diagrams the sea urchin Hox cluster relative to the prototypical vertebrate cluster. Some genes have not yet been found in sea urchins. Although Ruddle et al. (1994b) (Kappen, Schughart, and Ruddle 1989) . The number of the paralogy group is underneath the box representing each gene. The amphioxus cluster is taken from Garcia-Femandez and Holland (1994) . The arthropod cluster is taken from Akam et al. (1994). group genes, and it seems likely that echinoderms do also. Analysis of zen from beetles and grasshoppers demonstrates that zen and Hox-3 genes are orthologous (Falciani et al. 1996) . This strongly suggests that three 3' group genes were present in the last common ancestor of arthropods and chordates. This ancestor predates the divergence of echinoderms and chordates. Recent PCR studies suggest that even Platyhelminthes (primitive, triploblastic bilaterians) have three genes resembling Hox-l-3 (Balavoine and Telford 1995) , implying that the ancestor of all triploblastic animals had three 3' genes.
Another central group gene, probably the orthologue of Dfd, has yet to be isolated from sea urchins. We know of three Abd-B-like (posterior) genes in sea urchins; there are five Abd-B-like paralogue groups in vertebrates. The total number of Abd-B-like genes in deuterostomes other than vertebrates is unknown.
The Hox cluster is thought to have evolved from three to five precursor genes via a series of gene duplications (Kaufman, Seeger, and Olsen 1990; Schubert, Nieselt-Struwe, and Gruss 1993; . Comparisons of the structures of the Hox clusters in a few animals have led to a number of hypotheses on the evolution of the cluster in relation to the divergence of animal phyla. Below we outline current ideas on the evolution of the Hox cluster, and point out where the sea urchin information confirms or conflicts with the specific hypotheses.
Vertebrates have four copies of the Hox cluster, but most animals have a single copy. The ancestor of arthropods and chordates is hypothesized to have had a single Hox cluster (Holland 1992; Krumlauf 1992; Ruddle et al. 1994a Ruddle et al. , 1994b . Sea urchins provide another example of a single Hox cluster in deuterostomes, supporting the concept that a single Hox cluster was present in the common ancestor of protostomes and deuterostomes.
The Hox cluster present in the arthropod-chordate ancestor was thought to consist of five or six genes (e.g., Holland 1992; Akam et al. 1994; Ruddle et al. 1994a ). According to these hypotheses a single AntplUbx-like gene was independently duplicated to produce three genes in each lineage (arthropods and chordates). The sea urchin cluster contains three AnrplUbx-like genes. It is striking that all these phyla have three such genes. Although our analyses cannot refute the proposal that the common ancestor of deuterostomes and arthropods had a single AnrplUbx-like gene, they do not support it either ( fig. 2) . A more parsimonious interpretation would be that three AntpllJbx-like genes were present in the ancestor.
The five Abd-B-like paralogue groups (Hox-9-13) found in vertebrates arose by duplications of a single Abd-B-like gene before the divergence of vertebrates . Pendleton et al. (1993) have proposed that those duplications could have been related to the evolution of features unique to vertebrates. The amphioxus cluster (see fig. 4 ) contains at least two Abd-Blike genes, implying that the expansion of these genes began before the divergence of cephalochordates and chordates (Garcia-Fernandez and Holland 1994) . The presence of three Abd-B-like genes in sea urchins suggests that this expansion may have begun much earlier than previously thought. The 5' end of the cephalochordate cluster was not mapped further than amphihox9 and amphihoxl0, therefore, we do not know if orthologues of Hox-II-13 are present in cephalochordates. The homeoboxes of the genes from the extreme 5' end (Hex-Z Z-13) are quite different than the HOX-9 and Hox-10 homeoboxes and may not be detectable with probes or primers based on sequences of these latter two genes (or Abd-B). The identification of proposed homologues of Hox-IO, Hox-12, and Hox-13 in ascidians (Ruddle et al. 1994b; Di Gregorio et al. 1995) suggests that more than two Abd-B-like genes were present in the ancestor of ascidians and chordates. It seems likely that the ancestral deuterostome cluster contained several posterior group genes, perhaps all five. The ancestor of arthropods and deuterostomes may well have had a Hox cluster much like that of modern arthropods.
Nematodes are the only other phylum in which the structure of the Hox cluster is currently known. Cuenorhabditis &guns has four Hox genes in its cluster. We did not include nematodes in our analyses because the exact relationship of nematodes to arthropods and chordates is unclear. Nematodes have generally been considered to have diverged before the arthropod and chordate lineages split. Recent 18s ribosomal DNA sequence analyses imply that nematodes are a sister group of the arthropods (unpublished data). If nematodes diverged before arthropods and chordates split, then another step in the evolution of the Hox cluster can be outlined (Btirglin and Ruvkun 1993; Wang et al, 1993) . However, it is not clear if the small number of genes present in Caenorhabditis elegans represents the ancestral state, or gene loss within this lineage.
The Hox cluster may have contained many of its present complement of genes early in bilaterian evolution. The evolution of radial symmetry in echinoderms apparently did not involve a radical change in the structure of the Hox cluster. How did radial symmetry arise? Perhaps the five radii represent the remnants of five axes. This and other scenarios are outlined in Raff and Popodi (1996) . Examination of the expression patterns of the Hox genes may help to differentiate among alternative explanations for the evolution of the radial symmetry of echinoderms.
